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Abstract
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In order for solid tumors to metastasize, tumor cells must acquire the ability to invade the
surrounding tissue and intravasate into blood- or lymph vessels, survive in the circulation and
then extravasate at a distant site to form a new tumor. Overexpression of the glycosaminoglycan
hyaluronan, and its adhesion receptor CD44, correlate with breast cancer progression. This
thesis focuses on the role of hyaluronan in tumor invasion and metastasis.

In paper I, we demonstrated that upregulation of the hyaluronan synthesizing enzyme
hyaluronan synthase 2 (HAS2) was crucial for transforming growth factor β (TGFβ)-induced
epithelial-mesenchymal transition (EMT) in mammary epithelial cells. In paper II, we further
demonstrated that silencing of HAS2 decreased the invasive behavior of bone-metastasizing
breast cancer cells, via upregulation of tissue inhibitor for metalloproteinase 1 (TIMP1), and
dephosphorylation of focal adhesion kinase (FAK).

During tumorigenesis, stromal cells, such as fibroblasts, play important roles and several
growth factors are synthesized, promoting crosstalk between different cell surface receptors. In
paper III, we investigated the crosstalk between the hyaluronan receptor CD44 and the receptors
for TGFβ and platelet-derived growth factor BB (PDGF-BB) in dermal fibroblasts. We found
that the receptors for the three molecules form a ternary complex, and that PDGF-BB can
activate the Smad pathway downstream of TGFβRI. Importantly, CD44 negatively modulated
the signaling of both PDGF-BB and TGFβ.

In paper IV, we studied the process by which breast cancer cells invade blood-vessels and the
role of hyaluronan and CD44 in angiogenesis. Importantly, CD44, or the hyaluronan degrading
enzyme hyaluronidase 2 (HYAL2), decreased the capacity of endothelial cells to form tubes
in a 3D in vivo-like assay.  Collectively, our studies add to the understanding of the role of
hyaluronan in tumor progression.
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Abbreviations 

4-MU  4-methylumbelliferon 
AMPK cAMP-activated protein kinase 
BMP  Bone morphogenetic protein 
CAF Cancer associated fibroblasts 
cAMP Cyclic adenosine monophosphate 
CBP Creb-binding protein 
CDK Cyclin-dependent kinase 
CREB cAMP –responsive element binding protein 
CXCL Chemokine (C-X-C motif) ligand 
DAG Diacylglycerol 
ECM Extracellular matrix 
EGF Epidermal growth factor 
EMT  Epithelial-mesenchymal transition 
ERM Ezrin-radixin-moesin  
ERK Extracellular signal-regulated kinase 
FAK Focal adhesion kinase 
FGF Fibroblast growth factor 
GAG Glycosaminoglycan 
GlcNAc N-Acetyl-D-glucosamine 
GlcUA  D-glucuronic acid  
GPI Glycosylphosphatidylinositol 
HARE Hyaluronan receptor for endocytosis 
HAS Hyaluronan synthase 
HGF Hepatocyte growth factor 
HYAL Hyaluronidase 
IL Interleukin 
IQGAP1 IQ motif-containing GTPase activating protein 1 
JNK c-Jun N-terminal kinase 
LAP Latency-associated protein 
LTBP Latent TGFβ-binding protein 
LYVE-1 lymphatic vessel endothelial hyaluronan receptor 1 
MAPK Mitogen-activated protein kinase 
MEK MAP-Erk-kinase 



 

MET Mesenchymal-epithelial transition 
MH Mad homology 
MMP Matrix metalloproteinase 
MRP 5 Multidrug resistance protein 5 
NHE1 Na+/H+ exchanger 1 
PI3K Phosphatidylinositol 3′ kinase 
PDGF Platelet-derived growth factor 
PDGFR PDGF receptor 
PKB Protein kinase B 
PKC Protein kinase C 
PLCγ Phospholipase C γ 
PTP Protein tyrosine phosphatase  
RHAMM Receptor for hyaluronan-mediated motility 
ROS Reactive oxygen species  
SARA Smad anchor for receptor activation 
SBE Smad binding element 
SH2 Src homology 2 domain 
SH3 Src homology 3 domain 
STAT Signal transducer and activator of transcription 
TAK1 TGFβ-associated factor 1  
TC-PTP T-cell protein tyrosine phosphatase 
TGFβ Transforming growth factor β 
TGFβR TGFβ receptor 
TIMP Tissue inhibitor of metalloproteinases 
TLR4 Toll-like receptor 4 
TNFα Tumor necrosis factor α 
TRAF6 Tumor necrosis factor-receptor-associated factor 6 
UDP  Uridine diphosphate 
VEGF Vascular endothelial growth factor 
ZEB Zinc finger E-box binding homeobox 
ZO-1 Zonula occludens 1 
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Introduction 

In a multi-cellular organism, cells organize in a very structured manner to 
form tissues. The human body consists of billions of cells that must cooper-
ate in order for us to function. Inside each cell, trillions of reactions take 
place every second, building chains and networks of events that together 
drive the functions of the cell. Like in a giant company, every unit has their 
own tasks and expertise. However, no task can be carried out independently 
of the others and changes in one process can change the overall outcome. 
Cells are therefore both very dynamic and highly dependent on tight control 
of the cellular events. Communication between cells and tissues in the hu-
man body is thus crucial and failure to regulate cellular processes or mis-
communication between cells gives rise to diseases, such as cancer. 

Communication between cells is often achieved by cells sensing proteins 
from neighboring cells. Growth factors, cytokines and extracellular matrix 
(ECM) components are secreted and sensed by cells all over the tissue, or 
even in other parts of the body. For example, growth factors tell the cells 
what is going on in the surroundings and stimulate their response in several 
ways, such as by cell division (proliferation), motility or differentiation.   

The ECM is the microenvironment between the cells, and although for a 
long time considered as space-filling only, the ECM in fact actively partici-
pates in the communication between cells. A major molecule of the ECM is 
hyaluronan and the main focus of this thesis is the role of hyaluronan, and 
the crosstalk between hyaluronan- and growth factor signaling in tumor pro-
gression.    
 
 



 12 

Cancer 

Cancer is a group of diseases characterized by uncontrolled cell growth in 
the tissue. It is a major cause of death today, with nearly 13 million novel 
cases and 8 million deaths due to cancer estimated in 2008 (Jemal et al., 
2011). Most of the deaths are caused by malignant cancer, where the tumor 
has spread to distant sites, there forming secondary tumors called metastases. 
Solid tumors, which arise from epithelial cells, account for the majority of 
tumors and breast cancer is the most common cancer form among women, 
accounting for over 20% of the cancer cases and about 15% of the mortality 
(Jemal et al., 2011). 

Although cancer is extremely complex and virtually every case of cancer 
has a different genetic path, they share some characteristic hallmarks 
(Hanahan and Weinberg, 2000). To form tumors, cells must become self-
sufficient in growth signals and insensitive to growth inhibitory signals. Fur-
thermore, cells must evade apoptosis and obtain limitless replicative poten-
tial. Solid tumors must also be able to induce angiogenesis in order to recruit 
blood-vessels that supply the tumors with nutrition and oxygen. Finally, 
tumor cells must gain the ability to invade surrounding tissues and metasta-
size. In recent years, new hallmarks of cancer have emerged, although they 
are not yet fully understood and validated. These include the ability to avoid 
immune destruction and to deregulate cellular energetics (Hanahan and 
Weinberg, 2011).  

Growth-regulation of cells within a tissue is regulated by the rate of pro-
liferation and cell death. Many genes are involved in this regulation and 
mutations in, or dysregulation of, these genes make cells prone to overgrow 
and develop into tumor cells. Genes that promote cell growth and survival 
are therefore often activated in cancer and termed oncogenes. Genes that 
instead inhibit cell growth and promote apoptosis are called tumor suppres-
sor genes, and they are frequently inactivated in cancer (Hanahan and 
Weinberg, 2011). Two other types of genes are involved in the cancer proc-
ess; one type regulates genetic stability and is called care-taker genes. They 
do not directly affect the growth rate, but they maintain genetic stability and 
loss of that function makes cells susceptible to receive mutations (Kinzler 
and Vogelstein, 1997). Recently, the role of the tumor stroma (the microen-
vironment surrounding the tumor cells) has been increasingly recognized and 
a fourth type of genes that regulate cancer progression have been suggested; 
the landscaper genes (Michor et al., 2004).   
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As discussed above, cancer is not controlled by a single signaling path-
way but rather by the net signaling in the cell. Exploring the crosstalk be-
tween signaling pathways is therefore of utter importance for our under-
standing of cancer progression. This thesis focuses on the integrated role of 
three well-known players in tumor progression, and especially in breast can-
cer; hyaluronan, platelet-derived growth factor BB (PDGF-BB) and trans-
forming growth factor β (TGFβ).         

The metastatic cascade 
After transformation of a normal epithelial cell to a tumor cell and the for-
mation of a benign (non-invasive) primary tumor (also known as carcinoma 
in situ), a multistep process triggers the dissemination of cells and enables 
the formation of metastases at distant sites. The metastatic cascade starts 
with local invasion of surrounding tissues, followed by intravasation of the 
tumor cells into blood or lymphatic vessels, where they are transported by 
the circulation flow. Then the cancer cells arrest in a capillary, leave the 
bloodstream by extravasation, form micro-metastases and colonize the new 
tissue (Fidler, 2003; Talmadge and Fidler, 2010).  

To invade surrounding tissues, tumor cells need to disassemble from each 
other by down-regulating adherence junction proteins, such as epithelial (E)-
cadherin. They must also be able to migrate and thus need both to re-arrange 
their actin skeleton and to produce proteases that degrade the basement 
membrane around the tissue. Interestingly, a developmental program called 
epithelial-mesenchymal transition (EMT) activates a pre-programmed set of 
genes which confers these characteristics to cells and thus renders epithelial 
cells mesenchymal. This process is essential for embryogenesis, when cells 
need to re-locate and form new types of tissues. However, the EMT program 
is frequently mis-used by cancer cells to acquire the ability to degrade the 
basement membrane and migrate. To then form metastases in the newly 
reached tissue, the cells must re-gain the adherent phenotype, which can be 
achieved by a second developmental program, mesenchymal-epithelial tran-
sition (MET) (Thiery and Sleeman, 2006). 

Tumors are heterogeneous in their nature, and resemble organs in that 
they involve many different cell types. Some of the tumor-associated cells 
are normal cells that are tricked by the tumor cells to contribute to the evolu-
tion of the tumor, for example by secretion of growth factors or extracellular 
matrix molecules (Egeblad et al., 2010). Malignancy is therefore dependent 
on the microenvironment around the tumor. A permissive micro-milieu 
(stroma), with activated cancer associated fibroblasts (CAFs) and immune 
cells, can help the tumors grow, survive and metastasize (Pietras and Ost-
man, 2010). An evolving perspective over the last ten years is that certain 
“cancer stem cells” are responsible for growth and spread of tumors. Al-
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though so far not conclusively studied, elegant experiments supporting this 
hypothesis in gut, brain and skin tumors were recently published (Baker, 
2012). It is, however, not yet clear whether cancer stem cells are derived 
from regular stem cells or from de-differentiated somatic cells. Most inter-
estingly, it has been demonstrated that stem cells have characteristics similar 
to cells undergoing EMT, providing a potential link between these phenom-
ena (Mani et al., 2008). 

 

     

Figure 1. The metastatic process. Overgrowth of epithelial cells form dysplasia, and 
further mutations cause carcinoma in situ (benign tumors), where cells are trans-
formed but still encapsulated by basement membrane. Through activation of the 
EMT program, cells start invading the basement membrane and the surrounding 
tissue. Metastatic cells must then intravasate into the circulation and survive there 
long enough to travel to distant sites, where they extravasate. Re-activation of 
epithelial features are achieved by mesenchymal-epithelial transition [image re-
printed by permission from Macmillan Publishers Ltd: Nature Reviews Cancer 
(Thiery, 2002), copyright (2002)] 
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Growth factors and cytokines 

Growth factors are a family of signal transmitting proteins functioning as 
messengers in the communication between cells and tissues. Acting in 
autocrine, paracrine or endocrine manner, they bring information about the 
status of the cell and its surroundings. They can, for example, guide cell 
migration, induce proliferation or regulate differentiation. Cytokines are a 
subgroup of growth factors which are especially important in inflammation 
and are primarily secreted by leukocytes. Well-studied members of the 
growth factor family include epidermal growth factor (EGF), platelet-
derived growth factor (PDGF), fibroblast growth factor (FGF) and hepato-
cyte growth factor (HGF), which all belong to the tyrosine-kinase receptor 
family of growth factors, as well as the cytokines TGFβ, interleukins (ILs) 
and tumor necrosis factor α (TNFα). 

Growth factors bind specific receptors on the cell membrane and thereby 
initiate a cascade of activation of signaling molecules, resulting in activation, 
or neo-synthesis, of biological effector molecules controlling cell physiol-
ogy. The signaling thereby results in changes in the cellular behavior. Each 
step of the signaling cascade is rigorously controlled, since both over- and 
under-activation of growth factor signaling is devastating for organisms and 
can result in pathologies, such as cancer, fibrosis and chronic inflammation.  

Although growth factor signaling was originally considered as straight-
forward, with one ligand leading to a certain defined response, it is now clear 
that growth factor signaling form great networks of signals regulating each 
other. It is not solely the presence of ligand that determines the outcome of 
the signaling, but rather the context of the signaling. Integration of the in-
formation coming from the growth factors, and other sources, such as the 
cellular surroundings, is important to achieve a correct cellular response for 
each situation. Adhesion molecules and components of the ECM transmit 
information from the surroundings of the cell and often modulate the signal-
ing of growth factors (Orian-Rousseau and Ponta, 2008). The first evidence 
for the importance of adhesion molecules for growth factor signaling came 
when cells defect in synthesis of the glycosaminoglycan heparan sulphate 
were demonstrated to also exert defect FGF signaling (Rapraeger et al., 
1991; Yayon et al., 1991). Since then, our understanding of the crosstalk 
between adhesion molecules, such as CD44, and growth factors, such as 
PDGF-BB and TGFβ, has increased dramatically.  
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PDGF signaling 

Platelet-derived growth factor (PDGF) is a family of growth factors which 
potently stimulate growth, migration and survival of cells. They also play 
important roles in embryonic development and wound healing (Heldin and 
Westermark, 1999).  PDGF was first described in the 1970s, as a factor de-
rived from platelet serum which had stimulatory effect on cell growth of 
fibroblasts and smooth muscle cells (Kohler and Lipton, 1974; Ross et al., 
1974). The growth factor was then purified from human platelets in 1979 
(Antoniades et al., 1979; Heldin et al., 1979). The PDGF-family consists of 
four related polypeptide chains; A, B, C and D and the active molecule is a 
homo- or heterodimer. The classical A and B isoforms were the first PDGF 
isoforms to be discovered (Johnsson et al., 1982) and they are also the most 
studied ones until today. PDGF-A and -B can form three active dimers; 
PDGF-AA and -BB homodimers and PDGF-AB heterodimers, although the 
physiological significance of the heterodimer is not clear (Andrae et al., 
2008).  

PDGF receptors and their activation 
The signaling cascade triggered by PDGF is initiated when a dimeric PDGF 
molecule binds to one of its tyrosine kinase receptors, PDGF receptor 
(PDGFR) α or β, thereby inducing homo- or heterodimerization of the recep-
tors. The expression pattern of PDGFR differs between cell types; fibroblasts 
and smooth muscle cells express both α and β receptors, while others express 
only α-receptor (such as human platelets and rat endothelial cells) or only β-
receptors (such as rat capillary endothelial and fat storing liver cells) (Heldin 
and Westermark, 1999; Heldin et al., 1991; Smits et al., 1989; Vassbotn et 
al., 1994). The PDGF dimer binds and clusters two molecules of the PDGFR 
and the proximity of the receptors permits the signaling cascade to be initi-
ated, as discussed below. PDGF-AA and -CC isoforms bind α-receptors with 
high affinity, forming primarily α-receptor homodimers. PDGF-DD binds 
the β-receptor and forms β-receptor dimers, while PDGF-BB can form all 
combinations of homo- and heterodimeric α- and β-receptors. PDGF-AB can 
thus form α-receptor homodimers or α/β-heterodimers (Bergsten et al., 2001; 
Hammacher et al., 1989; Li et al., 2000a)  



 17

The PDGF-induced clustering of the PDGFR alters its conformation, re-
sulting in increased activity of the kinase domain of PDGFR and trans-
phosphorylation of tyrosine residues in the intracellular domain of the recep-
tor (Heldin et al., 1998; Jiang and Hunter, 1999). Full activation of PDGFR 
requires several additional steps of autophosphorylation, of which tyrosines 
849 (for PDGFRα) and 857 (for PDGFRβ) in the activation loops of the 
kinases are considered crucial (Kazlauskas and Cooper, 1989). Receptor 
phosphorylations provide docking sites for a wide variety of signaling mole-
cules and adaptor proteins that contain Src homology2 (SH2)- and protein 
tyrosine phosphatase (PTP)-domains, such as Grb2, phospholipase C γ 
(PLCγ), Src kinase and phosphatidylinositol 3′ kinase (PI3K) (Heldin and 
Westermark, 1999).  

PDGF signaling and its biological outcome 
PDGF signals via several pathways which are shared with other growth fac-
tors, such as EGF, FGF and vascular endothelial growth factor (VEGF). The 
outcome of the signaling is thus not determined solely by the quality of the 
signals, but also by their quantity and endurance. The signaling of PDGF is 
therefore often cell- and context dependent.  

The mitogen-activated protein kinase (MAPK) pathway is a signaling 
cascade resulting in cell growth, differentiation and migration. Binding of 
the adaptor molecule Grb2 to the PDGF receptor leads to recruitment of the 
nucleotide exchange factor Sos1 and activation of the small GTPase Ras. 
Ras then activates Raf-1, which in turn activates MAPK kinase MEK, that 
phosphorylates extracellular signal-regulated kinase (Erk) MAPK. Erk 
MAPK regulate transcription factors, such as c-myc and cAMP-responsive 
element binding protein (CREB), thereby activating gene transcription of 
genes that regulate proliferation and migration. 

PI3K phosphorylates phosphoinositides and thereby activates a signaling 
cascade via Akt/protein kinase B (PKB), certain atypical protein kinase C 
(PKC) isoforms and members of the Rho family of small GTPases. The out-
come of this signaling cascade is actin re-organization, stimulated cell 
growth and directed cell motility, as well as inhibition of apoptosis.  

When PLCγ is phosphorylated by PDGFR, calcium ions are accumulated 
in the cytosol, which together with diacylglycerol (DAG) activates PKC. 
The result of signaling through PLCγ is therefore increased cell growth and 
directed cell motility. Src kinase binding to PDGFR is important for cell 
growth via induction of the transcription factor c-myc and activation of the 
transcription factors signal transducer and activator of transcription (STAT) 
1, 3 and 5 (Heldin et al., 1998).    

PDGF signaling is terminated by at least two mechanisms; receptor de-
phosphorylation and receptor internalization followed by degradation. Sev-
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eral phosphatases have been demonstrated to de-activate PDGFR, including 
Shp-1, Dep-1 and T-cell protein tyrosine phosphatase (TC-PTP) (Ostman 
and Bohmer, 2001; Persson et al., 2004). Internalization of ligand-stimulated 
PDGFR involves poly-ubiquitination of the receptor, and is followed by 
proteasomal and lysosomal degradation (Mori et al., 1993; Mori et al., 
1995). Recently, TC-PTP-depletion, causing overactivation of PKC, has 
been shown to induce PDGFR recycling and thereby to increase PDGF sig-
naling (Hellberg et al., 2009; Karlsson et al., 2006). Another regulator of the 
PDGFR signaling is the ubiquitin ligase c-Cbl, which ubiquitinates the re-
ceptor, thereby promoting internalization and degradation of PDGFR. The 
function of c-Cbl is regulated by the adaptor protein Alix, which after bind-
ing to PDGFR causes c-Cbl degradation (Lennartsson et al., 2006). The rate 
of PDGFR degradation is important for the duration of the signaling, and a 
ubiquitination-deficient mutant of the receptor gave a higher mitogenic re-
sponse (Mori et al., 1993).  

PDGF mostly signals in auto- and paracrine manners, and is often re-
tained in the extracellular matrix through interaction with matrix molecules 
such as heparan sulphate proteoglycans (Heldin and Westermark, 1999). 
Several studies have shown that PDGF-BB is a potent stimulator of the gly-
cosaminoglycan hyaluronan, which likely modulates the composition, and 
thus the biomechanical properties, of the ECM (Heldin et al., 1989; Li et al., 
2007a; Pasonen-Seppanen et al., 2012). 

 
      Figure 2. Brief overview of PDGF-BB signaling. 
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PDGF signaling in cancer 
PDGF signaling is involved in cancer progression in several ways, especially 
via its well-documented effects on tumor cell proliferation and migration. 
Upregulation of PDGF signaling by mutations of the receptors, including 
point-mutations and formation of fusion-proteins, or over-expression of 
ligand, has been demonstrated in several types of tumors. PDGF also plays 
an important role in recruitment of stromal cells to carcinomas, and secretion 
of PDGF is common in cancers of epithelial origin, such as breast and skin 
cancer (Andrae et al., 2008). 

 Interestingly, PDGFR has recently been implicated in TGFβ-induced 
EMT of breast epithelial cells, where the induced expression of PDGFR was 
shown to be crucial for EMT (Jechlinger et al., 2003; Jechlinger et al., 2006). 
Although the generality of this finding remains to be elucidated, it indicates 
a close link between the signaling pathways of PDGF and TGFβ. 
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TGFβ signaling 

TGFβ was discovered as a polypeptide secreted from transformed fibro-
blasts, with the potency to elicit transformation of normal rat kidney fibro-
blasts in soft agar assays (Roberts et al., 1980). Although thus first described 
as a proliferation-inducing oncogene, TGFβ was soon demonstrated to also 
inhibit cell growth (Tucker et al., 1984). As more functions for TGFβ were 
revealed in development and tissue homeostasis, its actions were often re-
ported as opposite in neighboring cell types or different developmental 
stages (Sporn MB, 1990). TGFβ thus affects cells differently in a cell type- 
and context-dependent manner. It inhibits proliferation of epithelial, endo-
thelial and hematopoietic cells, modulates the differentiation of epithelial, 
mesenchymal, neuronal and immune cells, and regulates apoptosis in epithe-
lial cells (Elliott and Blobe, 2005).  

Consisting of 33 members, the TGFβ superfamily includes TGFβ iso-
forms, bone morphogenetic proteins (BMPs), growth differentiation factors 
(GDFs) and activins (Moustakas and Heldin, 2008; Shi and Massague, 
2003). All members of the family share the signaling machinery, but differ 
in the cellular responses. There are three isoforms of TGFβ, i.e. TGFβ1, 2 
and 3. The isoforms show high sequence similarity, but differ in expression 
patterns and in vivo functions (Roberts and Sporn, 1992), although they gen-
erally elicit identical signals in vitro (Wakefield et al., 2001).  

TGFβ is secreted from cells in a large protein complex composed of three 
proteins; the mature TGFβ-dimer, the TGFβ propeptide (called latency-
associated protein, LAP), and the latent TGF-beta binding protein (LTBP) 
(Miyazono et al., 1988; Rifkin, 2005). In this state, TGFβ is inactive and 
linked to the extracellular matrix, creating a storage-place from which it can 
be readily activated. Activation of TGFβ requires cleavage of inhibiting fac-
tors from the mature TGFβ ligand. Several proteases have been demon-
strated to execute this cleavage of TGFβ, such as plasmin, cathepsin (Lyons 
et al., 1988) and matrix metalloproteinase 9 (MMP-9 (Yu and Stamenkovic, 
2000)).  

TGFβ receptors and the Smad signaling pathway 
TGFβ transmits signals via receptor serine/threonine kinases and down-
stream signaling mediators of the Smad family. There are 12 members of the 
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TGFβ receptor family; 7 type I receptors and 5 type II receptors (Manning et 
al., 2002). Upon binding of the active TGFβ dimer to the type II TGFβ re-
ceptor (TGFβRII), the type I receptor is recruited to the complex and phos-
phorylated by the type II receptor at a specific juxta-membrane sequence, 
termed the glycine-serine-rich (GS) motif. Phosphorylation of TGFβRI cre-
ates a docking site for receptor-activated Smads (R-Smads), i.e. Smads 1, 2, 
3, 5 and 8. A L45 domain, located in close proximity to the GS domain on 
TGFβRI, confer R-Smad specificity (Shi and Massague, 2003). Once acti-
vated, the R-Smads bind the common mediator Smad (co-Smad), Smad4, 
and trimeric complexes of two R-Smads and one Smad4 translocate into the 
nucleus (Chacko et al., 2001). In the nucleus, the Smad complexes interact 
with the DNA at Smad binding elements (SBE) and recruit a wide array of 
co-activators and co-repressors, thereby regulating the transcription of a 
plethora of genes (Feng and Derynck, 2005). Monomeric Smads constantly 
shuttle between the cytoplasm and the nucleus, while the Smad complex 
prefers nuclear localization (Schmierer and Hill, 2005). 

The R–Smad proteins are divided into three parts, the N-terminal Mad-
homology (MH) 1 domain, the linker region and the C-terminal MH2 do-
main. Upon binding to TGFβRI, the R-Smads are phosphorylated by the 
receptor at a characteristic SXS-motif at their MH2 domain (Shi and Massa-
gue, 2003). The Smad anchor for receptor association (SARA) protein func-
tions as a co-receptor in Smad activation, as it presents the ligand to the re-
ceptor (Tsukazaki et al., 1998) and directs the receptor-Smad complex to 
early endosomes, where endocytosis via clathrin-coated pits promotes sig-
naling (Di Guglielmo et al., 2003). Phosphorylation of the R-Smads destabi-
lizes their interaction with SARA and instead augments their affinity for 
Smad4 (Xu et al., 2000).  

In some cells, a third receptor, TGFβRIII (also called β-glycan), functions 
as a co-receptor, binding TGFβ and presenting it to TGFβRII (Shi and Mas-
sague, 2003). But since TGFβRIII is not present in all cells, this step is either 
not crucial for the TGFβ-signaling, or there are redundant receptors; for in-
stance, the endoglin receptor has been demonstrated to replace the TGFβRIII 
in endothelial cells (Lebrin et al., 2004).  

The Smad signaling includes an intricate loop of negative feed-back sig-
naling. TGFβ signaling induces the expression of an inhibitory Smad (I-
Smad), Smad7, which relocates from the nucleus to the cytoplasm upon 
TGFβ stimulation (Itoh et al., 1998). Smad7 does not induce R-Smad-
dependent transcription and as it competes with the R-Smads for binding to 
active TGFβRI, it attenuates Smad signaling. Smad7 further recruits the E3 
ubiquitin ligases Smurf 1 and 2 to TGFβRI, where they ubiquitinate 
TGFβRI, thereby inducing its proteasomal degradation. Smads are also tar-
geted for degradation by Smurfs and dephosphorylated by phosphatases, 
thereby terminating the signaling  (Moustakas and Heldin, 2008). Apart from 
this, there are several other antagonists of TGFβ-signaling, such as c-Ski and 
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SnoN, which both interfere with the complex between the R-Smads and 
Smad4 (Liu et al., 2001; Wang et al., 2000).  
 

        
 

Figure 3. Overview of TGFβ-induced Smad signaling. [image reprinted with permis-
sion from Annual reviews (Feng and Derynck, 2005), copyright (2005)] 

Non-Smad signaling induced by TGFβ 
Although Smad signaling is the canonical TGFβ pathway, many studies have 
revealed that TGFβ also frequently induces Smad-independent signaling, 
often via the MAPK pathways (Zhang, 2009). Even though the TGFβ-
induced activation of the MAPK pathway is weaker than that by ligands for 
receptor tyrosine kinases, such as PDGF-BB, Smad independent TGFβ sig-
naling has emerged as important for crosstalk with other pathways. For ex-
ample, Sorrentino and colleagues (2008) showed that TGFβ-stimulation 
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leads to phosphorylation of p38 MAPK via tumor-necrosis-factor-associated 
factor 6 (TRAF6) and TGFβ-associated kinase 1 (TAK1). This activation of 
p38 was independent of the TGFβRI kinase activity.  TGFβ has also been 
demonstrated to activate c-Jun N-terminal kinase (JNK) via TRAF6 in a 
Smad-independent manner (Yamashita et al., 2008). 

Many lines of evidence show that Ras signaling play important roles in 
TGFβ-signaling. For example, TGFβRI directly phosphorylates ShcA on a 
tyrosine residue, thereby inducing its association with the Grb2/Sos1 com-
plex and activation of Ras and Erk MAPK (Lee et al., 2007). TGFβ-induced 
Erk activation is crucial for EMT in mouse mammary epithelial cells (Xie et 
al., 2004). Apart from this, Erk also phosphorylates the linker region of 
Smad 2 and 3 and thereby regulates Smad signaling (Funaba et al., 2002; 
Matsuura et al., 2005).   

The PI3K/Akt pathway is also implicated in TGFβ-signaling in several 
ways. PI3K/Akt has been demonstrated to be important for TGFβ-induced 
EMT and migration. TGFβ also induces Akt phosphorylation (Bakin et al., 
2000; Yi et al., 2005), which may be Smad-independent (Wilkes et al., 
2005). Akt has further been shown to sequester un-phosphorylated Smad3 
through a direct binding, thereby decreasing TGFβ-induced apoptotic re-
sponse (Conery et al., 2004; Remy et al., 2004). Furthermore, the regulatory 
subunit of PI3K binds TGFβRII and I in an indirect, but TGFβRI kinase-
dependent manner, thereby stimulating the PI3K/Akt pathway (Yi et al., 
2005). Recently, focal adhesion kinase (FAK) was proven to be crucial for 
this function (Hong et al., 2011). 

The dual role of TGFβ in cancer 
TGFβ plays a dual role in cancer development; while acting as a tumor sup-
pressor in early stages of carcinogenesis, it promotes invasiveness and me-
tastasis in later stages. Since TGFβ inhibits proliferation and induces apop-
tosis in normal epithelial cells, players in the TGFβ signaling pathway, such 
as TGFβRII and Smad4, are commonly inactivated in carcinomas, including 
breast carcinoma. However, paradoxically, over-expression of TGFβ ligand 
correlates with tumor progression and metastasis in both breast cancer and 
several other types of cancers (Ikushima and Miyazono, 2010). This role of 
TGFβ in advanced cancer is partly due to induction of EMT. EMT is impor-
tant for metastasis of carcinomas (Thiery et al., 2009) and involves loss of 
epithelial tight junction proteins, like E-cadherin and Zonula occludens 1 
(ZO-1), and upregulation of mesenchymal markers, such as fibronectin and 
vimentin (Moustakas and Heldin, 2007; Roberts and Wakefield, 2003). 
TGFβ-induced EMT has recently been correlated to the accumulation of 
cancer stem cells in breast cancer, opening new intriguing roles for TGFβ in 
cancer treatment (Mani et al., 2008). TGFβ has also been demonstrated to 
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maintain stemness of cancer-initiating cells in other cancer types, including 
glioma and leukemia (Ikushima and Miyazono, 2010). Furthermore, TGFβ 
targets fibroblasts, immune cells and endothelial cells in the stroma sur-
rounding the tumors, thereby promoting cancer progression (Elliott and 
Blobe, 2005).      

What drives the switch of TGFβ from a tumor suppressor to a promoter of 
metastasis is largely unknown. However, mutation of one of the master tu-
mor suppressors in the cell, p53, has recently been implicated in this switch. 
Mutant p53 was shown to be essential for the TGFβ-induced invasion and 
metastasis of breast cancer cells (Adorno et al., 2009).  In early stages of 
cancer, TGFβ cooperates with wild-type p53 to induce apoptosis. In later 
stages, however, p53 is often mutated and Smad2 then associates in a com-
plex with mutant p53 and the p53 homologue p63, thereby preventing the 
normal apoptosis-protecting function of p63 (Adorno et al., 2009). The role 
of Smad2 in this process could be an explanation for the unexpectedly low 
frequency of mutations in the Smad genes in tumor cells (Riggins et al., 
1997). It could also provide some explanation for the fact that the p53 gene, 
although mutated, or inactivated, in most human cancers, is very rarely lost 
(Soussi and Beroud, 2001) and that p53 point-mutation have enhanced onco-
genic potential beyond the loss of p53 function (Olive et al., 2004).  

Another way to circumvent the anti-proliferative role of TGFβ is through 
crosstalk with cell cycle regulators called cyclins. Cyclin-dependent kinase 
(CDK) 2 and 4 have both been shown to negatively regulate Smad2 activa-
tion by phosphorylation, and CDKs are frequently upregulated in tumors 
(Matsuura et al., 2004). Furthermore, an anti-proliferative path of TGFβ-
signaling is through negative regulation of c-myc by Smad-dependent re-
cruitment of repressors to the c-myc promoter. Defective repression of c-
myc has therefore been linked to resistance of growth inhibition by TGFβ 
(Chen et al., 2001; 2002).   
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The extracellular matrix 

The cells of a tissue are embedded in a self-assembled and highly controlled 
habitat termed the extracellular matrix (ECM). The ECM consists of a large 
network of proteins and polysaccharides and it harbors different types of 
cells, such as fibroblasts and immune cells. The composition of the ECM is 
regulated by the cells of the tissue surrounding it, often in concert with fi-
broblasts and immune cells. Dysregulation of the function and composition 
of the ECM is connected to several pathologies, such as fibrosis, inflamma-
tion and cancer (Karamanos, 2012).  

The ECM ensures the tissue strength and elasticity and serves as a scaf-
fold for cell adhesion and cell movement. Furthermore, the components of 
the extracellular matrix elicit signals to and from the cells, influencing the 
cellular behavior and fate. Tight regulation of the expression of matrix mole-
cules is therefore important for the function of tissues. A prominent group of 
matrix molecules are the glycosaminoglycans (GAGs), including hyalu-
ronan, heparan sulphate and chondroitin sulphate. Other important compo-
nents of the ECM are for example collagen, laminin, versican and aggrecan 
(Rozario and DeSimone, 2010).    
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Hyaluronan 

Hyaluronan was first isolated from the vitreous body in 1934 (Meyer and 
Palmer, 1934). It is a large, un-branched and un-sulphated glycosaminogly-
can with a very simple structure of repeated disaccharide units of D-
glucuronic acid (GlcUA) and N-Acetyl-D-glucosamine (GlcNAc). The mo-
lecular mass of hyaluronan extracted from tissues range from 104-107 Da 
(Laurent and Fraser, 1986). At physiological pH, hyaluronan is negatively 
charged due to ionization of carboxyl group of the glucuronic acid (Cleland, 
1968). The large molecular size and negative charge of hyaluronan makes it 
highly hygroscopic, and hyaluronan therefore plays an important role in 
lubrication of tissues. Creating a viscous biological meshwork, it protects 
cells against mechanical forces and simultaneously contributes to the organi-
zation of the ECM, for example by binding proteoglycans, such as aggrecan 
and versican.  

Hyaluronan is ubiquitously expressed in tissues of the human body, but 
most abundant in soft connective tissue and skin (Fraser et al., 1997). There 
is roughly 15 g hyaluronan in a 70 kg body and about one third of this is 
turned over every day (Stern, 2004). 

Some hyaluronan is retained at the plasma membrane, where it forms a 
pericellular coat around the cells. This pericellular coat can be visualized in 
the microscope as the area where erythrocytes cannot enter, and it can be 
used by mammalian and bacterial cells as protection from the immune sys-
tem (Clarris and Fraser, 1968).   

Hyaluronan was long considered to be only of structural importance for 
the tissues, acting as “glue” for the extracellular matrix. It is now clear, how-
ever, that the role of hyaluronan goes far beyond that. Through its binding 
with specific cellular receptors, hyaluronan regulates several important cellu-
lar processes, such as proliferation, migration, angiogenesis and tumor pro-
gression.  

Biosynthesis of hyaluronan 
Hyaluronan is synthesized by three different enzymes, hyaluronan synthase 
(HAS) 1, 2 and 3. The HASes are bifunctional enzymes, with two catalytic 
roles; one for addition of GlcUA and one for addition of GlcNAc. HASes 
thereby differ from most enzymes in glycobiology, which catalyze only one 
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reaction. No primer is required to initiate synthesis of hyaluronan, although 
the presence of Mg2+ or Mn2+ is crucial. In almost all species, uridine diphos-
phate (UDP)-sugars of GlcUA and GlcNAc are inserted at the reducing end 
of the growing hyaluronan chain (Asplund et al., 1998; Weigel and DeAn-
gelis, 2007). 

The HAS enzymes are transmembrane glycosyl transferases predicted to 
span the membrane several times, presumably with the active site in the cy-
toplasm (Weigel and DeAngelis, 2007; Weigel et al., 1997).  The exact to-
pology of HASes and the positioning of their active site are, however, not 
completely clear, since crystal structures of the proteins have not yet been 
resolved. Unlike the other GAGs, hyaluronan is not synthesized in the Golgi 
compartment, but instead at the plasma membrane. The molecule is extruded 
into the extracellular matrix as it is being synthesized (Weigel and DeAn-
gelis, 2007; Weigel et al., 1997)  and the newly synthesized molecules, still 
attached to their synthases or to their receptors, form pericellular matrices 
(Heldin and Pertoft, 1993). The mechanism for the transport of hyaluronan 
over the plasma membrane is debated, since some studies have found the 
ABC transporter multidrug resistance protein 5 (MRP5) to be important for 
the transport (Hagenfeld et al., 2012; Schulz et al., 2007), while others have 
shown that a transporter is probably not necessary (Medina et al., 2012; 
Thomas and Brown, 2010).  

The HAS enzymes are highly conserved in evolution, with over 90% se-
quence identity of each isoform between mammalian species and 55- 70% 
similarity between the different isoforms (Spicer and McDonald, 1998). The 
different HAS isoforms are all capable of producing hyaluronan, but they 
differ in their enzymatic capacities and in distribution (Brinck and Heldin, 
1999; Itano et al., 1999). HAS1 and HAS2 produce large-sized hyaluronan, 
while HAS3 synthesizes shorter hyaluronan chains. HAS2 is the most com-
mon isoform in mammalian tissues, while HAS3 is highly expressed in tu-
mors or during inflammation (Tammi et al., 2011). The HAS isoforms show 
different expression pattern during embryogenesis, and HAS2 is the most 
widely expressed isoform also during development (Tien and Spicer, 2005). 
The difference between the HAS enzymes is evident during embryogenesis, 
since HAS2 knockout mice die due to severe cardiac and vascular abnor-
malities, while mice deficient in HAS1 or HAS 3 are viable (Camenisch et 
al., 2000).  

Regulation of hyaluronan synthases 
Disability to control the synthesis and catabolism of hyaluronan leads to 
impairment of tissue function, fibrosis and malignancies (Anttila et al., 2000; 
Li et al., 2000b; Teder and Heldin, 1997). Regulation of HAS expression has 
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been readily described and recent data has also started to shed light on the 
regulation of HASes by post-translational modifications. 

 Several growth factors, such as PDGF-BB, EGF and TGFβ, have been 
demonstrated to regulate  the synthesis of hyaluronan by upregulation of the 
HAS genes (Heldin et al., 1989; Jacobson et al., 2000; Li et al., 2007a; Pien-
imaki et al., 2001; Suzuki et al., 1995). However, some growth factors, such 
as TGFβ, regulate HAS isoforms differently depending on the cell types. 
TGFβ downregulates HAS2 and HAS3 expression in epidermal keratino-
cytes, enhances HAS1 in fibroblasts and induces HAS2 expression in mam-
mary epithelial cells (Porsch et al., 2012; Tammi et al., 2011).   

Recently, the HASes have been shown to be regulated by phosphorylation 
(Bourguignon et al., 2007; Goentzel et al., 2006; Vigetti et al., 2009a). For 
example, Erk MAPK signaling led to phosphorylation of all three HAS iso-
forms, which resulted in increased hyaluronan synthesis (Bourguignon et al., 
2007). cAMP-activated protein kinase (AMPK) has further been shown to 
negatively regulate HAS2 activity by phosphorylation (Vigetti et al., 2011). 
The hyaluronan synthesizing activity of HAS2 is also dependent on ubiquiti-
nation and dimerization of the HAS2 protein (Karousou et al., 2010).  

Moreover, the bioavailability of the UDP-sugars used to build the hyalu-
ronan chain can be limiting for hyaluronan synthesis and thus represents 
another point of control of HAS activity (Jokela et al., 2008; Vigetti et al., 
2006).  

Degradation of hyaluronan 
Though the hyaluronan molecule does not express any diversity in structure, 
varying chain lengths differ in function. Hyaluronan oligosaccharides induce 
angiogenesis (Rahmanian et al., 1997; West et al., 1985), while high molecu-
lar weight hyaluronan inhibits it (Slevin et al., 2007). Similarly, oligosaccha-
rides, but not high molecular weight hyaluronan, have been reported to ac-
cumulate during inflammation and to induce inflammatory responses 
(McKee et al., 1996; Noble, 2002). Although the mechanisms behind this are 
not completely understood, especially not for intermediate sized hyaluronan, 
these size-depending effects are presumably due to the affinity for, and abil-
ity to cluster, hyaluronan receptors (Yang et al., 2012).   

The turnover of hyaluronan is executed by a class of enzymes called hya-
luronidases (HYALs). There are six hyaluronidase genes in the human ge-
nome; HYAL 1, 2, 3 and 4, PH-20 and the pseudogene HYALP1. However, 
only HYAL 1, 2 and PH-20 have been shown to degrade hyaluronan (Csoka 
et al., 2001). HYAL1 and 2 have been most studied since PH-20 is mostly 
expressed in testis, where it is responsible for the sperm penetration of the  
ECM around the egg (Cherr et al., 2001). HYAL2 cleaves high molecular 
weight hyaluronan into fragments of about 20 kDa (Lepperdinger et al., 
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1998; Rai et al., 2001), which are then further degraded to tetrasaccharides 
by HYAL1 (Stern, 2003).  Hyaluronan can also be non-enzymatically de-
graded by reactive oxygen species (ROS), which are common in inflamed 
tissues. Superoxide dismutase has been shown to shield hyaluronan from 
such degradation (Gao et al., 2008). 

PH-20 is the only hyaluronidase that is active at neutral pH (Cherr et al., 
2001); HYAL1 and HYAL2 are both active at acidic pH. This is logical for 
HYAL1, which is located in the acidic milieu of the lysosomes, but more 
puzzling for HYAL2, which is anchored to the plasma membrane through a 
glycosylphosphatidylinositol (GPI)-anchor (Rai et al., 2001). However, local 
acidification of the ECM by the Na+/H+-exchanger 1 (NHE1) has been dem-
onstrated in conjunction with CD44 (Bourguignon et al., 2004) and HYAL2 
has been described to form a complex with CD44 (Duterme et al., 2009). 
Furthermore, the pH optimum of HYAL2 activity increased to 6-7 in the 
presence of CD44 (Harada and Takahashi, 2007). CD44 was also shown to 
be crucial for the membrane-association of HYAL2 and the degradation of 
hyaluronan (Harada and Takahashi, 2007).  

HYAL2 is increasingly implicated in signaling. It is a receptor for the 
jaagsiekte sheep retrovirus (Rai et al., 2001) and it was also recently shown 
to function as a receptor for TGFβ, thus aiding the apoptosis-inducing effects 
of TGFβ (Hsu et al., 2009). Complex-formation between HYAL2 and CD44 
regulates the pericellular coat around cells and HYAL2 expression further 
regulates the CD44/ERM coupling to the actin skeleton, and thus cell migra-
tion (Duterme et al., 2009). 

Hyaladherins 
Proteins that bind hyaluronan are collectively termed hyaladherins. Hyalad-
herins bind hyaluronan via either a common domain called the link module, 
or a B(X7)B consensus motif (seven amino acids flanked by two basic amino 
acids (Perkins et al., 1989; Yang et al., 1994). The hyaladherins are divided 
into two groups; the matrix hyaladherins, including the proteoglycans aggre-
can and versican (Toole, 1990), and the cell surface hyaladherins (also called 
hyaluronan receptors). The hyaluronan receptors include CD44 and receptor 
for hyaluronan-mediated motility (RHAMM) (Turley and Harrison, 1999), 
which are the two most well-studied hyaluronan receptors. It also includes 
toll-like receptor 4 (TLR-4) which is involved in the immune defense (Ter-
meer et al., 2002), lymphatic vessel endothelial hyaluronan receptor 1 
(LYVE-1) whose expression is restricted to blood and lymphatic vessels 
(Jackson et al., 2001) and hyaluronan receptor for endocytosis (HARE), that 
is involved in clearance of GAGs from the lymphatic and circulatory sys-
tems (Harris et al., 2008). This thesis focuses only on the role of CD44, even 
though the other hyaladherins also have important biological functions. 
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CD44 – structure and binding of hyaluronan 
CD44 is the principal receptor for hyaluronan (Aruffo et al., 1990) and it is a 
single-pass transmembrane glycoprotein first discovered as a homing recep-
tor for lymphocytes (Jalkanen et al., 1987; Stamenkovic et al., 1989). CD44 
is subjected to alternative splicing and the standard form of CD44 (called 
CD44s or CD44H, as it was originally found in hematopoietic cells) is the 
smallest form of CD44, since it lacks additional exons from variable splic-
ing. CD44s is encoded by exons 1-5 and 16-20, while the variant forms of 
the receptor also contain exons 6 to 15 (alternatively designated v1-10)  
(Jackson et al., 1992; Screaton et al., 1992; Tolg et al., 1993).  

The extracellular region of CD44 can be divided into a distant conserved 
region (with 85% sequence identity between mammalian species) and a non-
conserved region proximal to the plasma membrane. The conserved region 
includes N-glycosylation sites and the hyaluronan-binding link module, 
while the non-conserved region contains sites for alternative splicing, O-
glycosylation and GAG attachment.  The molecular mass of CD44 varies 
between 80-200 kDa due to variable splicing and post-translational modifi-
cations (Ponta et al., 2003; Screaton et al., 1992). Apart from cell specific 
regulation of the splicing, signaling through Erk, Ras and PKC has been 
shown to regulate CD44 variable splicing (Konig et al., 1998; Weg-Remers 
et al., 2001). 

The activity of CD44, especially its effect on migration, has been shown 
to depend on phosphorylation of serine residues in the intracellular domain 
of CD44 (Legg et al., 2002; Peck and Isacke, 1996; Peck and Isacke, 1998; 
Pure et al., 1995). The binding of hyaluronan to CD44 is partly regulated by 
the glycosylation state of the extracellular domain (Dasgupta et al., 1996; 
Katoh et al., 1995). The intracellular and transmembrane domains also con-
tribute to the regulation of the hyaluronan binding capacity of CD44. CD44 
activation by hyaluronan requires clustering of CD44 molecules (Lesley et 
al., 1993; Sleeman et al., 1996), for which the transmembrane domain of 
CD44 seems to be important (Liu and Sy, 1997).  
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                Figure 4. Structure and hyaluronan binding of CD44.  

Function of CD44 
Although CD44 does not have intrinsic kinase activity, it mediates a wide 
range of signaling events that result in proliferation, migration and differen-
tiation. As briefly described below, this can be achieved in several ways, for 
example by CD44 acting as co-receptor for other signaling molecules, a 
docking station for matrix molecules, a transcription factor or through inter-
actions of CD44 with the actin cytoskeleton. Recently, a direct pathway of 
CD44 in glioblastoma was also suggested, the hippo pathway (Xu et al., 
2010). This pathway is however still poorly characterized. 

Hyaluronan-activated CD44 can act as an adaptor molecule, assembling 
enzymes and their substrates and thereby initiating signaling cascades. For 
example, Yu and Stamenkovic (1999; 2000) demonstrated that CD44 is able 
to immobilize a proteolytically active matrix metalloproteinase 9 (MMP9) to 
the surface of the cell, where MMP9 in turn can cleave, and thus activate, 
latent TGFβ. CD44-dependent immobilization of MMPs to the leading edge 
of migrating cells also facilitates directed cell migration, since the MMPs 
cleave components of the ECM (Egeblad and Werb, 2002; Park et al., 2002; 
Zhang et al., 2002).  

Interestingly, the intracellular domain of CD44 can be cleaved off by a 
presenilin/γ-secretase-dependent proteolysis (Lammich et al., 2002; Oka-
moto et al., 1999). The intracellular domain translocates to the nucleus, 
where it functions as a transcription factor (Okamoto et al., 2001). Although 
the nuclear targets of CD44 are not yet well described, it has been demon-
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strated to bind CREB and recruit it to the cyclin D1 promoter, thereby regu-
lating proliferation (De Falco et al., 2012). The intracellular domain of CD44 
has also been suggested to upregulate CD44 mRNA expression through co-
operation with the transcriptional co-activator CREB binding protein 
(CBP)/protein p300 (p300) (Nagano and Saya, 2004; Okamoto et al., 2001).  

CD44 physically interacts with receptors for several growth factors and 
functions as co-receptor for the signaling through these receptors, thus regu-
lating their signaling. For example, in fibroblasts, CD44 forms a complex 
with PDGFRβ and hyaluronan-activated CD44 negatively regulates PDGFR-
BB migration (Li et al., 2006). Furthermore, in several cell types, CD44v6 
binds the HGF receptor c-Met, thereby activating Ras and inducing Erk 
MAPK signaling. CD44v6 and its coupling to the actin skeleton through 
ERM were crucial for c-Met activation (Orian-Rousseau et al., 2002; Orian-
Rousseau et al., 2007). However, interestingly, ICAM1 could compensate 
for the loss of CD44v6 in CD44 null mice (Olaku et al., 2011). On the other 
hand, the co-receptor role for CD44 in TGFβ signaling is somewhat unclear, 
since CD44 has been shown to form a complex with TGFβRI in two differ-
ent cell types, but while hyaluronan-CD44 binding promoted TGFβ-
signaling in breast carcinoma cells (Bourguignon et al., 2002), it attenuated 
it in renal proximal tubular cells (Ito et al., 2004). This discrepancy might, 
however, be explained by differences in cell types and expression of CD44 
variants.    

CD44 supports migration by interaction with several actin skeleton-
associating proteins, such as ankyrin (Zhu and Bourguignon, 2000), 
IQGAP1 (Bourguignon et al., 2005; Skandalis et al., 2010)  and the ezrin-
radixin-moesin (ERM) family of proteins (Tsukita et al., 1994), thereby cou-
pling the extracellular matrix to actin reorganizations in the cells. In fact, 
CD44 seems to act as a switch, either coupling the ECM to the actin skeleton 
through the ERM proteins, thereby promoting migration, or instead binding 
the tumor suppressor merlin, thereby conferring growth arrest to cells 
(Herrlich et al., 2000; Morrison et al., 2001).  

CD44 signaling has further been shown to induce cell migration by sig-
naling through Rho-kinase and the PI3K pathway, as well as Rac1 (Bour-
guignon et al., 2003; Bourguignon et al., 2000; Oliferenko et al., 2000). Sev-
eral reports have also described positive correlation between CD44 signaling 
and motility and proliferation through the Erk MAPK-pathway (Hamilton et 
al., 2007; Kothapalli et al., 2008; Vigetti et al., 2008) and binding of Src 
kinase to CD44 (Thorne et al., 2004). Overall, the apparent lack of canonical 
pathway and the central role of CD44 in the signaling of many pathways 
make it suitable for integration of crosstalk between pathways.  
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The role of hyaluronan and CD44 in cancer 
Hyaluronan plays important roles in tumorigenesis and it is dysregulated in a 
wide range of carcinomas, such as breast, lung, skin and colon, as well as in 
other types of cancer, such as glioma, malignant melanoma and lymphomas 
(Sironen et al., 2011). In fact, over-expression of hyaluronan in the stroma 
correlates to poor prognosis in several cancers, such as ovarian cancer and 
breast cancer (Anttila et al., 2000; Auvinen et al., 2000). Similarly, silencing 
of HAS2 has been shown to inhibit invasion and metastasis of breast cancer 
(Bernert et al., 2011; Li et al., 2007b; Udabage et al., 2005b).  

EMT is important for the invasion and metastasis of epithelial cancers, 
and both hyaluronan and CD44 have been implicated in EMT. Mice defi-
cient in HAS2 die during development due to failure to undergo EMT in the 
formation of the endocardial cushion (Camenisch et al., 2000). HAS2 is in-
duced by TGFβ and BMP-signaling in the heart development, and mi-
croRNA-23 inhibited EMT in these cells by downregulating HAS2 expres-
sion (Lagendijk et al., 2011). Over-expression of HAS2 further confers mes-
enchymal properties to both breast epithelial cells and mesothelioma cells 
and renders them migratory (Li and Heldin, 2001; Zoltan-Jones et al., 2003). 
We have recently demonstrated that HAS2 is important for EMT induced by 
transforming growth factor β (TGFβ) in breast epithelial cells, and that this 
effect was independent of CD44 and the synthesis of hyaluronan (Porsch et 
al., 2012). Others have, however, reported that loss of CD44s inhibited 
TGFβ-induced EMT in hepatocellular carcinoma (Mima et al., 2012).    

The role of CD44 in cancer is very complex and contradictory results 
have often been reported. Overexpression of CD44 has been shown to corre-
late with tumor growth and metastasis in several models (Culty et al., 1994; 
Ouhtit et al., 2007; Toole, 2004; Udabage et al., 2005a). However, CD44 has 
also been shown to attenuate metastasis (Huang et al., 2008; Lopez et al., 
2005). It is possible that CD44 has different effects in cancer progression in 
that it promotes early stages, while inhibiting metastasis.  It is also likely that 
CD44 affects signaling and carcinogenesis in a tissue- and context-
dependent manner and that the differential effects of CD44 depend on the 
size of hyaluronan and the CD44 variants expressed.  

Variant isoforms of CD44 are often upregulated in different types of can-
cer and have been demonstrated to correlate with malignancy in for example 
breast, cervical, colorectal and pancreatic cancer (Afify et al., 2009; Orian-
Rousseau, 2010). Since variant CD44 isoforms are less widely expressed 
than the standard form, targeting of CD44 variants for cancer treatment 
might have fewer side effects. Clinical studies of cancer drugs coupled to 
CD44v6 antibodies have so far showed beneficial effects, but unfortunately 
suffered from some toxicity (Riechelmann et al., 2008). CD44v6 has also 
been tightly coupled with signaling of the important oncogene Ras (Cheng et 
al., 2006; Orian-Rousseau et al., 2007). However, a switch from expression 
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of CD44 variants to CD44 standard form was shown to be important for 
breast cancer progression (Brown et al., 2011).  

Angiogenesis is a crucial event for growth and survival of tumors. More-
over, tumors are tightly connected to inflammation and resemble wounds 
that never heal. Inflammation-induced fragments of hyaluronan promote 
angiogenesis (Takahashi et al., 2005), and over-expression of HYALs have 
been shown to promote several types of cancer, including breast cancer 
(Lokeshwar et al., 2005a; Lokeshwar et al., 2005b; Simpson, 2006; Udabage 
et al., 2005a). However, there are also reports that HYALs inhibit cancer 
(Jacobson et al., 2002; Wang et al., 2008), and it is thus likely that the role of 
HYALs is very complex and context-dependent. Probably, the role of 
HYALs in cancer progression is different depending on the expression of 
hyaluronan as substrate for hyaluronan fragments and for signaling from 
CD44 and HYAL2.   

Hyaluronan/CD44 signaling and matrix 
metalloproteinases 
Matrix metalloproteinases (MMPs) are endopeptidases that cleave molecules 
of the basement membrane and ECM, thus facilitating motility of cells and 
thereby invasion and metastasis of tumor cells. Hence, their expression and 
activation are increased in almost all human cancers (Egeblad and Werb, 
2002). MMPs are inhibited by tissue inhibitors of metalloproteinases 
(TIMPs) and the balance between MMPs and TIMPs therefore regulates the 
turnover of the ECM. Besides the ECM and the basement membrane, MMPs 
also cleave many other molecules, such as growth factors, other MMPs, cell 
receptors and many others (Butler and Overall, 2009). 

Hyaluronan and CD44 have been implicated in the role of MMPs in sev-
eral ways. Hyaluronan upregulates MMP2 in a lung carcinoma system 
(Zhang et al., 2002) and MMP9 in glioblastoma cells (Park et al., 2002). 
Both knockdown of HAS2 and incubation with an inhibitor of hyaluronan 
synthesis, 4-methylumbelliferon (4-MU), increased TIMP1 expression, 
which led to a less invasive phenotype of breast cancer cells and inhibited 
motility of aortic smooth muscle cells, respectively (Bernert et al., 2011; 
Vigetti et al., 2009b). Furthermore, MMPs can locate transiently to the cellu-
lar membrane by interaction with adhesion receptors. Yu and Stamenkovic 
(1999; 2000) demonstrated that CD44 can immobilize a proteolytically ac-
tive MMP9 to the plasma membrane, where MMP9 activates TGFβ. Accord-
ingly, fibroblasts from CD44 knockout mice elicited defect TGFβ activation 
in a MMP-dependent manner, and thus impaired motility (Acharya et al., 
2008). CD44 has further been shown to interact physically with TGFβRI 
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(Bourguignon et al., 2002; Ito et al., 2004); CD44 thus seems to play an indi-
rect role in presenting TGFβ to its receptors.  
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Tumor angiogenesis 

Tissues are dependent on blood- and lymph-vessels to supply them with 
oxygen and nutrients, and to remove metabolic by-products. Blood vessels 
are formed by endothelial cells that are fused together to create tubules. 
Large vessels also include smooth muscle cells and pericytes covering the 
endothelial cells. New vessels are formed by branching out from existing 
tubes in a process called angiogenesis. Angiogenesis is required when tissues 
grow or restructure, and is thus important during tissue development, wound 
repair and tumorigenesis (Carmeliet, 2003). Angiogenesis requires degrada-
tion of local basement membrane by proteases, such as MMPs, migration of 
endothelial cells into the basement membrane to form sprouts, proliferation 
of endothelial cells and formation of lumen to give functional tubules. The 
angiogenic process is stimulated by normal cells or tumor cells experiencing 
hypoxia, causing them to release angiogenic factors, such as VEGF, that 
endothelial cells migrate towards.   

Although angiogenesis has been suggested to be crucial for tumors to 
grow beyond a few millimeters of size, the tumor vasculature is structurally 
and functionally abnormal. Tumor vessels are leaky, dilated, tortuous, saccu-
lar and with abnormal interconnections (Jain, 2005). Furthermore, both en-
dothelial cells lining the vessels, and the basement membrane around the 
vessel walls, are often morphologically abnormal. Vessels are also not prop-
erly covered with pericytes. These features of tumor vasculature lead to an 
elevated interstitial fluid pressure in the tumor, hypoxia and acidosis. It also 
increases the drug-resistance of the tumor (Jain, 2005). Normalizing the tu-
mor vasculature is therefore desirable to more efficiently distribute anti-
cancer drugs to the tumor cells. Further understanding of the molecular 
mechanism of tumor angiogenesis is highly desirable to design optimal anti-
angiogenic treatments.  

Interestingly, several lines of evidence have demonstrated that hyalu-
ronan, and especially hyaluronan oligosaccharides, play important roles in 
angiogenesis by regulation of endothelial cell migration, proliferation and 
tubule formation (Slevin et al., 2007; Toole, 2004); a recent study has also 
shown that hyaluronan-CD44 binding is important for maintaining normal 
vascular integrity (Singleton et al., 2010). In mouse capillary endothelial 
cells, hyaluronan oligosaccharides, binding to CD44, regulated endothelial 
cell differentiation by induction of chemokine (C-X-C motif) ligand (CXCL) 
1 expression (Takahashi et al., 2005). Furthermore, CD44v6 signaling has 
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recently been shown to regulate endothelial cell migration, sprouting and 
tubule formation induced by HGF or VEGF-A (Tremmel et al., 2009).  
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Present investigations 

Although extensively studied, tumorigenesis remains poorly understood due 
to its complexity. We have studied the role of signaling pathways of hyalu-
ronan, TGFβ and PDGF-BB with regard to different aspects of tumor pro-
gression. We have focused on one hand on the autocrine signaling from fi-
broblasts that can feed tumor cells and thereby regulates tumor cell prolifera-
tion, cell death and migration. On the other hand, we have studied the direct 
roles for these molecules in migration, invasion and intravasation of breast 
cancer cells. Our specific aims have been:  
 
I To understand the crosstalk between CD44 and the signaling path-

ways of TGFβ and PDGF-BB in dermal fibroblasts 
II To elucidate the role of HAS2 and hyaluronan in TGFβ-induced 

EMT and migration of breast epithelial cells 
III To investigate the involvement of HAS2 and hyaluronan in invasion 

of breast cancer 
IV To study the role of CD44 and HYAL2 in angiogenesis and breast 

cancer cell intravasation 

Paper I 

Porsch H., Bernert B., Mehić M., Theocharis AD., Heldin C-H., Heldin P. 
(2012) Efficient TGFβ-induced epithelial-mesenchymal transition depends 
on hyaluronan synthase HAS2. Oncogene, doi: 10.1038/onc.2012.475. 
[Epub ahead of print] 

Epithelial-mesenchymal transition (EMT) is a developmental program 
whereby epithelial cells become mesenchymal and motile. Tumor cells often 
adopt EMT during the metastatic phase to gain the capacity to degrade the 
extracellular matrix and migrate towards blood vessels. Transforming 
growth factor β (TGFβ) is the most potent and well-studied inducer of EMT, 
and in this study we investigated the involvement of the hyaluronan synthase 
2 (HAS2) in TGFβ-induced EMT. Stimulation of breast epithelial cells 
NMuMG with TGFβ resulted in upregulation of HAS2 expression and pro-
duction of hyaluronan. Silencing of HAS2 attenuated the TGFβ-induced 
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EMT by about 50 percent as seen by real time PCR analysis of the EMT 
markers fibronectin, Snail1 and Zeb1, as well as phase contrast microscopy 
and immunostaining using the EMT markers ZO-1 and filamentous (F)-
actin. However, neither enzymatic removal of the HAS2-produced hyalu-
ronan, nor blocking its binding to the hyaluronan receptor CD44, affected 
the TGFβ-induced EMT. This study has suggested that HAS2 might be as-
cribed other functions than hyaluronan synthesis, which might aid our under-
standing of discrepancies in the biological function of endogenously pro-
duced versus exogenously added hyaluronan. 

Paper II 

Bernert B., Porsch H., Heldin P. (2011) Hyaluronan synthase 2 (HAS2) 
promotes breast cancer cell invasion by suppression of tissue metallopro-
teinase inhibitor 1 (TIMP-1). The Journal of Biological Chemistry, 
286(49):42349-42359 

High levels of the extracellular glycosaminoglycan hyaluronan have been 
correlated with metastasis and poor patient prognosis in breast cancer. A 
bone-seeking clone of the aggressive breast cancer cell line MDA-MB-231 
showed upregulated expression of hyaluronan synthase 2 (HAS2) compared 
to the parental cell line, and it also produced higher amounts of hyaluronan. 
We demonstrated that the increased levels of HAS2 in these cells increased 
their invasion-potential. In this study, we used an in vivo-like basement 
membrane model to study the involvement of hyaluronan and HAS2 in the 
invasion and metastasis of breast cancer cells. Turnover of the basement 
membrane is regulated by the balance between the activity of matrix metal-
loproteinases (MMPs) and their naturally occurring inhibitors (TIMPs). De-
pletion of HAS2 in the bone-seeking MDA-MB-231 cells suppressed their 
invasive ability via de-phosphorylation of  focal adhesion kinase (FAK) and 
upregulation of TIMP-1. The invasive ability could be restored by over-
expression of HAS2, knock-down of TIMP-1 using siRNA, or distribution of 
TIMP-1 blocking antibodies to the cells. Suppression of HAS2 also inhibited 
FAK/PI3K/Akt signaling after EGF-stimulation. This study has provided 
insight into a new mechanism whereby HAS2 enhances breast cancer inva-
sion via TIMP-1. 
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Paper III 

Porsch, H.*, Mehić, M.*, Olofsson, B., Heldin, C-H., Heldin, P. The recep-
tors for transforming growth factor β (TGF β) and platelet derived growth 
factor-BB (PDGF-BB) interact physically and functionally with CD44.  
Manuscript 
*equally contributed to the work 

Growth factors, such as TGFβ and PDGF-BB, are important for prolifera-
tion, migration and differentiation of cells and play important roles in tu-
morigenesis. Accumulating evidence also support a role for adhesion recep-
tors, such as the hyaluronan receptor CD44, in modulation of growth factor 
signaling. In this study, we demonstrated that the receptors for TGFβ and 
PDGF-BB form a complex which is not inducible by the ligands. Further-
more, we showed for the first time that PDGF-BB can induce phosphoryla-
tion of Smad2 in human primary dermal fibroblasts. The PDGF-BB-induced 
phosphorylation of Smad2 could be attenuated by siRNA against PDGFRβ 
or inhibitors of the kinase activity of either TGFβRI or PDGFRβ.  

Using two sequential co-immunoprecipitations, we further demonstrated 
that TGFβRI and PDGFRβ form a ternary complex with the hyaluronan re-
ceptor CD44. Depletion of CD44 increased both TGFβ- and PDGF-BB-
induced Smad2 phosphorylation through stabilization of the Smad2 and 
PDGFRβ proteins. These results show extensive crosstalk between the sig-
naling pathways of TGFβ and PDGF-BB, which is negatively modulated by 
the adhesion receptor CD44.  

Paper IV 

Olofsson B., Porsch H., Heldin P. CD44 and Hyal2 affect capillary endothe-
lial cell differentiation and breast cancer cell transmigration. Manuscript. 

During metastasis, malignant cells attach to endothelial cells, transmigrate 
through the endothelium into the blood vessels and travel to distant sites to 
form new tumors. Endothelial cells are surrounded by a network of extracel-
lular molecules, such as proteoglycans and the glycosaminoglycan hyalu-
ronan. In this study, we investigated the role of the hyaluronan receptor 
CD44 and the hyaluronan degrading enzymes HYAL 1 and 2 for the differ-
entiation of microvascular endothelial cells, and for the attachment of cancer 
cells to the endothelium. We found that the endothelial cells synthesized 
hyaluronan and expressed both HYAL1 and 2, although HYAL2 was ex-
pressed 600 times more than HYAL1. Silencing of HYAL 2, or CD44, in-
hibited the formation of tubular structures in an in vivo-like basement mem-
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brane model and, using a microarray approach, we found that the connective 
tissue growth factor (CTGF) and the cytokine CXCL9 were markedly in-
duced. Furthermore, the hyaluronidase-activity of the endothelial cells medi-
ated reduction of the pericellular hyaluronan coat around breast cancer cells, 
and decreased their adhesion to the endothelium. Thus, this study suggests a 
role for hyaluronan-CD44 interactions in angiogenesis and breast cancer 
metastasis. 
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Future perspectives 

Paper I and II 
The field of HASes has been suffering from both lack of specific, reliable 
antibodies and from the lack of crystal structure of the HAS proteins. Regu-
lation of HASes has therefore been investigated on the mRNA level, but 
rarely on the protein level. Recently, some data on regulation of the HAS2 
protein function has emerged (Karousou et al., 2010; Tammi et al., 2011), 
but overall, the regulation of the HASes is still a puzzle. The biological func-
tions of endogenously produced and exogenously added hyaluronan deserve 
further elucidation. Also, the molecular mechanism(s) behind the differen-
tial, and seemingly tissue-specific, regulation of HASes by growth factors 
will need further investigation.  

In paper I, we have found that HAS2 is essential for TGFβ-induced EMT 
in a non-hyaluronan or CD44-dependent manner. This finding opens the 
possibility that HAS2 could be ascribed other functions than to synthesize 
hyaluronan. The function of the HASes has so far been considered as purely 
enzymatic and all hyaluronan-signaling has been assigned to interactions 
with receptors. Therefore, binding partners of the HASes have not been in-
vestigated. However, the possibility of signaling from HAS2 opens up new 
interesting perspectives on the HAS biology as part of the cellular signaling 
system. We are therefore currently fishing for binding partners of the 
HASes, which might enlighten the biological functions of of HASes. We 
have further used a PCR based array to screen for signaling molecules in this 
pathway that are affected by silencing of HAS2.  

The main finding of paper II was that silencing of HAS2 inhibited inva-
sion and metastasis of breast cancer cells by upregulation of TIMP1 and 
deactivation of FAK. We still need to determine whether the role of TIMP1 
is MMP-dependent or not. TIMP1 has previously been reported to protect 
breast epithelial cells from apoptosis in a non-MMP dependent manner via 
PI3K- and FAK-signaling (Liu et al., 2003; Liu et al., 2005). However, al-
though we did not see any changes in the MMP activity of the cells, they do 
express several MMPs that we have not yet examined, so involvement of 
MMPs cannot be excluded at this point.  

The role of CD44 in breast cancer clearly needs more studies, since the 
overall data are not consistent. Our studies did not support the involvement 
of CD44 in the invasion and metastasis of bone metastasizing breast cancer 
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cells. However, others have reported the involvement of CD44 in breast 
cancer progression (Huang et al., 2008; Lopez et al., 2005; Toole, 2004). In 
future investigations, we will also address the differences between the 
HASes, and investigate whether HAS1 and 3 could rescue the silencing of 
HAS2. It is possible that silencing of HAS2 changes the net size distribution 
of hyaluronan in our cells. We have not measured the size of the hyaluronan 
produced by our cells, and this might be important for their function. 

Paper III and IV 
Crosstalk between signaling pathways are important for the regulation of 
cell- and context-specific responses to signaling molecules, and thus the 
homeostatic balance of cells. The non-Smad signaling pathways of TGFβ 
attract increasing attention, and, as discussed above, the MAPK pathways 
are important for signaling of both TGFβ and PDGF-BB.  

In paper III, we found that the signaling pathways of TGFβ and PDGF-
BB are tightly connected, and that they are modulated by CD44. Several 
questions still need to be addressed, such as whether the role of CD44 is 
dependent on hyaluronan, and how CD44 mediates the stabilization of 
Smad2, PDGFRβ and others. Studies on the localization of the receptors to 
different membrane compartments may also prove important, since lipid 
rafts play important roles in the signaling of all three pathways. An interest-
ing issue will also be whether the ternary complex between CD44, TGFβRI 
and PDGFRβ is present in epithelial cells undergoing EMT, since induction 
of PDGFRβ has been shown to be crucial for TGFβ signaling under these 
conditions.   

Paper IV focuses on the role of hyaluronan biology in angiogenesis. We 
found that knockdown of CD44 and HYAL2 both affected tubule-formation 
of endothelial cells, likely through different mechanisms. It remains to be 
elucidated whether the effect of HYAL2 on angiogenesis is due to hyalu-
ronan fragments or other functions of HYAL2. Furthermore, the knockdown 
of CD44 did not distinguish between CD44 standard form and the variants. 
Although in this study, CD44v3 and v6 were expressed at much lower levels 
than the standard form, it would be interesting to specifically target these 
CD44 variants by knockdown; especially since CD44v6 has been shown to 
be crucial for VEGF and HGF signaling (Tremmel et al., 2009).     

The transparent zebrafish is a good animal model for angiogenesis. We 
intend to extend our studies of the role of CD44 and HYAL2 in angiogenesis 
to in vivo studies in zebrafish by using specific morpholinos and assessing 
the vessel intactness. 
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